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Do essential genes evolve slowly?
Laurence D. Hurst and Nick G.C. Smith
Approximately two thirds of all knockouts of individual
mouse genes give rise to viable fertile mice. These
genes have thus been termed ‘non-essential’ in contrast
to ‘essential’ genes, the knockouts of which result in
death or infertility. Although non-essential genes are
likely to be under selection that favours sequence
conservation [1], it is predicted that they are less subject
to such stabilising selection than essential genes, and
hence evolve faster [2]. We have addressed this issue by
analysing the molecular evolution of 108 non-essential
and 67 essential genes that have been sequenced in
both mouse and rat. On preliminary analysis, the
non-essential genes appeared to be faster evolving than
the essential ones. We found, however, that the
non-essential class contains a disproportionate number
of immune-system genes that may be under directional
selection (that is, selection favouring change) because
of host–parasite coevolution. After correction for this
bias, we found that the rate at which genes evolve does
not correlate with the severity of the knockout
phenotype. This was corroborated by the finding that,
whereas neuron-specific genes have significantly lower
rates of change than other genes, essential and
non-essential neuronal genes have comparable rates of
evolution. Our findings most probably reflect strong
selection acting against even very subtle deleterious
phenotypes, and indicate that the putative involvement
of directional selection in host–parasite coevolution and
gene expression within the nervous system explains
much more of the variance in rates of gene evolution
than does the knockout phenotype. 
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Results and discussion
Wilson et al. [2] proposed in 1977 that two proteins subject
to the same level of functional constraint, but differing in
their dispensability, will evolve at different rates. They
argued that this may, in part, result from the fact that muta-
tions in redundant genes may be masked. Thus, essential
genes (knockouts of which are lethal or infertile) should
evolve slower than non-essential genes (knockouts of
which are viable and fertile) — this is the ‘knockout-rate’
prediction. From the adaptive theory of mutation rates, it
might similarly be predicted that the mutation rates of
essential genes should be lower than those of non-essential
genes [3–5]. We have examined these issues using
sequence comparison of mouse and rat genes with cross-
reference to knockout data (see Materials and methods for
details). For any aligned pair of orthologous genes we can
calculate KA, the rate of DNA substitutions affecting the
amino-acid composition of the gene product (non-synony-
mous substitutions), and KS, the rate of DNA substitutions
that are silent at the amino-acid level (synonymous substi-
tutions). If synonymous mutations in mammals are neutral,
as may be the case [4], then KS is a measure of the muta-
tion rate [6] and KA/KS is a measure of the rate of protein
evolution after controlling for mutation rate. 
Rates of evolution and the knockout phenotype
Essential genes (n = 67 in our sample) had significantly
lower KA/KS ratios than non-essential genes (n = 108)
(Mann-Whitney U-test, p = 0.0009, Figure 1; all results
and statistics are given in Table 1). Essential genes also
tended to have lower KS values than non-essential genes
(p = 0.04 in a one-tailed test).
Rates of evolution after controlling for ‘tissue of activity’
The above results are potentially confounded by differ-
ences between essential and non-essential genes in the
types of tissues that they act in. Notably, the non-essential
class contained many more genes specific to the immune
system than did the essential class (34/108 versus 3/67,
p < 10–5 using Fisher’s exact test). Genes of the immune
system tend to have high KA/KS ratios [7,8] and high KS
values [7]. We confirmed these results: KA/KS ratios of
immune-system genes (n = 37) were on average more than
double those of non-immune genes (n = 138, p = 0.0028)
and immune-system genes also had higher KS values
(p = 0.02) (Table 1). The high KA/KS ratios can be
accounted for by arguing that immune-system genes are,
at least along part of their sequence, likely to be under
directional selection (and/or overdominance) driven by
host–parasite coevolution (see for example [9–11]). 
We then asked whether the non-essential non-immune
genes (n = 74) had higher KA/KS and higher KS values than
essential non-immune genes (n = 64). When we did this
comparison we found no significant differences (p = 0.24
and p = 0.45, respectively; Table 1).
The effect of tissue specificity on rates of gene evolution
can also be controlled for by examining genes expressed
specifically in neurons. Neither the KA/KS ratios nor the
KS values for non-essential neuronal genes (n = 18) were
significantly different from those of the essential neuronal
genes (n = 16; p = 0.63 and p = 0.36, respectively). The
comparison between all neuronal genes (n = 34) and non-
immune non-neuronal genes (n = 104) revealed that
KA/KS values for neuronal genes were less than half those
of the others (p = 0.0001). The two classes had similar KS
values (p = 0.51).
Is this low rate of evolution a peculiarity of neuronal genes
or a general property of tissue-specific genes? This is hard
to evaluate, but the fact that genes specifically involved in
reproduction (n = 18) had higher KA/KS ratios than neuronal
genes (n = 34, p = 0.013) suggests that the low rate is pecu-
liar to neuronal genes. This was further corroborated by the
finding that reproductive genes had similar KA/KS ratios
and KS values to those of the ‘normal’ class of non-immune
non-neuronal genes (p = 0.91 and p = 0.31, respectively).
The effect of tandem substitutions
In the mouse–rat comparison there is a strong correlation
between KA and KS (see for example [12,13]). It seems that
this correlation is in large part due to an excess of tandem
(adjacent) substitutions, which may be the result of selec-
tion (N.G.C.S. and L.D.H., unpublished observations). If
selection acting on synonymous mutations is responsible
for the excess of tandem substitutions, then KS is not an
unbiased measure of the mutation rate. We therefore re-
analysed our sequences ignoring tandem substitutions.
Our results concerning stabilizing selection were not
affected when tandem substitutions were ignored. The
non-essential genes had a significantly higher KA/KS ratio
than the essential genes (p = 0.0007). This result was again
attributable to the excess of immune-system genes within
the non-essential class, as the KA/KS ratios are similar for
non-immune essential and non-immune non-essential
genes (p = 0.288). Immune-system genes had high KA/KS
ratios compared with all non-immune genes (p < 0.0001).
Neuronal genes had especially low KA/KS ratios compared
with non-immune non-neuronal genes (p < 0.0001). In
contrast, our results as regards KS were altered when
tandem substitutions were ignored. The essential genes
had mutation rates no lower than those of non-essential
genes (p = 0.25) and the immune genes had KS values no
higher than non-immune genes (p = 0.44). Thus, the varia-
tion in ‘raw’ KS values might partly have been due to
selection on synonymous mutations. With the effects of
such selection removed, we found no evidence of adaptive
variation in mutation rates. Hence, we need only seek to
explain the variation in KA/KS ratios.
Why is there no correlation between knockout phenotype
and rates of evolution?
Our results suggest that knockout phenotype does not cor-
relate with the KA/KS ratio once we have accounted for
tissue-specific effects. To explain this result it is worth
clarifying the logic underlying the knockout-rate predic-
tion. The knockout phenotype indicates the magnitude of
the selective difference between the presence and
absence of the gene: the more severe the knockout phe-
notype, the greater the strength of selection on the entire
gene. The knockout-rate prediction requires not only that
the strength of selection on the entire gene should co-vary
with the average strength of selection on non-synonymous
mutations within the gene (although each mutation is
likely to be under weaker selection than the null muta-
tion) but, crucially, that the strength of selection (s) on
these individual mutations (the magnitude of their effects
on fitness) is within certain bounds.
Imagine that non-synonymous mutations in non-essential
genes tend to have, on average, a smaller effect on fitness
than do mutations in essential genes. This will not lead to
differences in the rate of fixation of mutations if the muta-
tions are highly deleterious: in a reasonably sized popula-
tion a mutation reducing fitness by 10% will be no more
likely to reach fixation than one that reduces fitness by
20%. But for very low s in a finite population, however,
deleterious mutations can reach fixation (become a substi-
tution) by random drift. In this case, the size of s affects
the fixation probability and hence the substitution rate. So
one way of arriving at the knockout-rate prediction is to
suppose that non-essential genes have more non-synony-
mous mutations with s values that are compatible with fix-
ation. Our failure to find any differences in rates of
evolution between essential and non-essential genes
might then be due to the fact that most non-synonymous
mutations in the two types of genes are highly deleterious
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Figure 1
The KA/KS ratios (± SEM) for various classes of gene. The left-hand
two columns give the values for essential genes (n = 67) and non-
essential genes (n = 108), respectively. These are significantly different
(p < 0.001). The right-hand two columns show the data for the non-
essential genes broken down into those with immune function (n = 34)
and those without (n = 74). Note that the major difference between the
essential and non-essential genes is largely due to the excess of
immune-related genes in the latter class. 
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(that is, selection is very strong), and that the proportion of
slightly deleterious or effectively neutral mutations in the
two is about the same.
There may, however, be other explanations. First, there
may be methodological problems. The knockout pheno-
type may be a poor indicator of the fitness effect of a
knockout in nature, owing to the artificiality of the labora-
tory environment. Alternatively, the mouse–rat data may
be misleading. Mutational saturation of sites is a potential
problem in any analysis of this sort. A sizeable majority of
silent sites in the mouse–rat comparison have not
changed, however, indicating that saturation is unlikely.
Second, some of the knockout-rate prediction’s other
assumptions may be invalid. The prediction also requires,
for example, that advantageous mutations are rare. Analy-
sis of non-synonymous evolution in immune-system genes
and in hemizygously expressed genes [4,5] indicates that
this may be unrealistic. How this might affect the predic-
tions is unclear.
Why is there a correlation between tissue specificity and
rates of evolution?
We have found that the rate of evolution as measured by
the KA/KS ratio is strongly affected by tissue specificity:
immune-system genes evolve rapidly, neuronal genes
evolve slowly and reproductive genes evolve at an inter-
mediate rate. There are a number of possible explanations
for an effect of tissue specificity on KA/KS values. Genes in
different tissues might by affected by different proportions
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Table 1
The p values from two-tailed Mann-Whitney U-tests in pairwise comparisons of various gene classes.
Class NE E I-NE I NI-E NI-NE NR NNR-NI NR-E NR-NE NI R
n KS 0.186 0.165 0.209 0.204 0.165 0.177 0.163 0.174 0.148 0.176 0.171 0.152
± 0.007 ± 0.007 ± 0.014 ± 0.013 ± 0.008 ± 0.008 ± 0.011 ± 0.006 ± 0.014 ± 0.017 ± 0.005 ± 0.016
KA/KS
Non-essential 108 0.275 – 0.0763 0.1495 0.2411 0.0904 0.3878 0.1384 0.2410 0.0838 0.5890 0.1321 0.1143
(NE) ± 0.024
Essential 67 0.153 0.0009 – 0.0062 0.0114 0.9725 0.4172 0.9227 0.4854 0.4706 0.6019 0.6042 0.5944
(E) ± 0.017
Immune non-essential 34 0.444 0.0005 0.0000 – 0.7779 0.0080 0.0461 0.0170 0.0226 0.0115 0.1632 0.0116 0.0205
(I-NE) ± 0.048
Immune 37 0.418 0.0023 0.0000 0.6166 – 0.0143 0.0762 0.0275 0.0399 0.0176 0.2192 0.0212 0.0307
(I) ± 0.047
Non-immune essential 64 0.155 0.0012 0.9962 0.0000 0.0000 – 0.4460 0.9020 0.5189 0.4595 0.6181 0.6405 0.5792
(NI-E) ± 0.018
Non-immune non-essential 74 0.198 0.0356 0.2301 0.0000 0.0000 0.2445 – 0.4468 0.8560 0.2457 0.9647 0.6776 0.2991
(NI-NE) ± 0.022
Neuronal 34 0.096 0.0000 0.0196 0.0000 0.0000 0.0220 0.0014 – 0.5127 0.5815 0.6103 0.6104 0.7583
(NR) ± 0.02
Non-neuronal non-immune 104 0.20 0.0661 0.0610 0.0000 0.0000 0.0694 0.5963 0.0001 – 0.2613 0.9281 0.8059 0.3104
(NNR-NI) ± 0.017
Neuronal essential 16 0.081 0.0005 0.0934 0.0000 0.0000 0.1006 0.0145 0.7640 0.0037 – 0.3605 0.3070 0.8360
(NR-E) ± 0.019
Neuronal non-essential 18 0.109 0.0005 0.0550 0.0000 0.0000 0.0578 0.0141 0.7902 0.0040 0.6255 – 0.8266 0.4765
(NR-NE) ± 0.038
Non-immune 138 0.177 0.0013 0.4894 0.0000 0.0028 0.5066 0.4887 0.0027 0.1552 0.0313 0.0211 – 0.3838
(NI) ± 0.015
Reproductive 18 0.193 0.2676 0.2781 0.0009 0.0028 0.2882 0.8982 0.0130 0.9138 0.0329 0.0354 0.5371 –
(R) ± 0.037
In the lower left half of the table are the p values for each of the
pairwise KA/KS comparisons between all of the gene classes and in
the upper right half are the p values for the KS comparisons. The
sample size (n) and the mean KA/KS and KS values (± SEM) for each
gene class are given. Significant p values are shown in bold. Those
shown in italics are comparisons in which there is overlap between
data sets. The genes in this analysis have not had tandem substitutions
removed. A significant statistic indicates that the set of genes in one
class is significantly greater or smaller in the parameter in question
than the other set of genes. To establish which is the greater, it is
necessary to consult the absolute mean values for KA/KS or KS given
in column 3 and row 2, respectively.
of advantageous and deleterious mutations. A high propor-
tion of advantageous mutations would seem to explain the
high rates of evolution of immune-system genes. Tissues
may also differ in their influence on an organism’s fitness,
although this is, as yet, mere speculation. But we can be
sure that the putative involvement in host–parasite coevo-
lution and specific expression within the nervous system
explain the variance in the rate of protein evolution much
better than do knockout phenotypes. 
Materials and methods
Database assembly
The gene knockout database (gkd: www.bioscience.org/knockout/kno-
chome.htm) annotates the phenotypes of over 300 single-gene knock-
outs in mice. We also used four genes annotated in Tbase
(tbase.jax.org/) but not present in gkd. Knockouts reported as infertile
or inviable were incorporated into the class of essential genes. Genes
whose knockout had sex-specific infertility or high, but not complete,
levels of inviability were also included within this class. Where some
phenotype was observed (in 97% of cases) the genes are classified in
the gkd by the tissue principally disrupted. Some are classed as multi-
tissue if no one organ or system is predominantly affected. We
checked all genes against the relevant Tbase entries or original papers
to confirm the designation of the ‘tissue of activity’ and the viability/fer-
tility. Internet links to the genome database (gdbwww.gdb.org/gdb/),
mouse genome informatics (mgd.hgmp.mrc.ac.uk/), Online Mendelian
Inheritance in Man (www3.ncbi.nlm.nih.gov/omim/) or to the original
paper, were followed to obtain links to the GenBank citation for the
gene concerned. 
For each gene the HOVERGEN database of vertebrate homologous
genes [14] was searched using the GenBank entry name. From obser-
vation of the phylogeny of each gene family, we assembled a list of
accession numbers for the mouse and rat orthologues corresponding to
known gene knockouts. The accession numbers of the 108 non-essen-
tial and 69 essential genes are provided in the Supplementary material.
Preparation of alignments
FETCH was used to extract sequences from databases and GENE-
TRANS was used to extract and combine exons automatically. Protein
alignments were performed using CLUSTALW [15]. The DNA align-
ments were re-created from the protein alignments and the original
DNA sequences using the program MRTRANS (written by W. Pearson,
and available at HGMP (www.hgmp.mrc.ac.uk/)). Alignments were per-
formed using the GCG [16] and EGCG [17] packages at HGMP. On
close inspection two of the essential genes were found to have
dubious alignments and were eliminated, reducing the sample size to
67. For these and the 108 non-essential genes we calculated the
number of gaps in the alignments, in order to ask whether the align-
ment protocol might be affecting our rate estimates. Using both the
total number of gaps and the number of gaps per informative site, we
found not even a weak correspondence with any of the rate parame-
ters. Alignment artefacts are probably not producing systematically
biased rate estimates.
Algorithmic rate estimation
Substitution rates were estimated from alignments using methods
developed by Moriyama and Powell [18]. Tamura and Nei’s [19] multi-
ple hits correction method was used to account for variation in base
composition, and Li’s [20] method was used to calculate the non-syn-
onymous rate per site (KA) and the synonymous rate per site (KS).
Supplementary material
Supplementary material including a complete list of the genes analysed
is available at http://current-biology.com/supmat/supmatin.htm.
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